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BIOSYNTHESIS OF HUMAN MILK
OLIGOSACCHARIDES IN ENGINEERED
BACTERIA
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INCORPORATED-BY-REFERENCE OF
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[0002] The contents of the text file named ‘37847-
505C01US_Sequence_Listing.txt”, which was created on
Jan. 26, 2017 and is 94 KB in size, are hereby incorporated
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FIELD OF THE INVENTION

[0003] The invention provides compositions and methods
for producing purified oligosaccharides, in particular certain
fucosylated and/or sialylated oligosaccharides that are typi-
cally found in human milk.

BACKGROUND OF THE INVENTION

[0004] Human milk contains a diverse and abundant set of
neutral and acidic oligosaccharides (human milk oligosac-
charides, HMOS). Many of these molecules are not utilized
directly by infants for nutrition, but they nevertheless serve
critical roles in the establishment of a healthy gut microbi-
ome, in the prevention of disease, and in immune function.
Prior to the invention described herein, the ability to produce
HMOS inexpensively at large scale was problematic. For
example, HMOS production through chemical synthesis was
limited by stereo-specificity issues, precursor availability,
product impurities, and high overall cost. As such, there is
a pressing need for new strategies to inexpensively manu-
facture large quantities of HMOS for a variety of commer-
cial applications.

SUMMARY OF THE INVENTION

[0005] The invention described herein features efficient
and economical methods for producing fucosylated and
sialylated oligosaccharides. The method for producing a
fucosylated oligosaccharide in a bacterium comprises the
following steps: providing a bacterium that comprises a
functional §-galactosidase gene, an exogenous fucosyltrans-
ferase gene, a GDP-fucose synthesis pathway, and a func-
tional lactose permease gene; culturing the bacterium in the
presence of lactose; and retrieving a fucosylated oligosac-
charide from the bacterium or from a culture supernatant of
the bacterium.

[0006] To produce a fucosylated oligosaccharide by bio-
synthesis, the bacterium utilizes an endogenous or exog-
enous guanosine diphosphate (GDP)-fucose synthesis path-
way. By “GDP-fucose synthesis pathway” is meant a
sequence of reactions, usually controlled and catalyzed by
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enzymes, which results in the synthesis of GDP-fucose. An
exemplary GDP-fucose synthesis pathway in Escherichia
coli is set forth below. In the GDP-fucose synthesis pathway
set forth below, the enzymes for GDP-fucose synthesis
include: 1) manA=phosphomannose isomerase (PMI), 2)
manB=phosphomannomutase (PMM), 3) manC=mannose-
1-phosphate guanylyltransferase (GMP), 4) gmd=GDP-
mannose-4,6-dehydratase (GMD), 5) fclI=GDP-fucose syn-
thase (GFS), and 6) Awcal=mutated UDP-glucose lipid
carrier transferase.

Glucose—Glc-6-P—Fru-6-P—' Man-6-P—> Man-1-P—>
GDP-Man—"°> GDP-Fuc ~+ ° Colanic acid.

[0007] The synthetic pathway from fructose-6-phosphate,
a common metabolic intermediate of all organisms, to
GDP-fucose consists of 5 enzymatic steps: 1) PMI (phos-
phomannose isomerase), 2) PMM (phosphomannomutase),
3) GMP (mannose-1-phosphate guanylyltransferase), 4)
GMD (GDP-mannose-4,6-dehydratase), and 5) GFS (GDP-
fucose synthase). Individual bacterial species possess dif-
ferent inherent capabilities with respect to GDP-fucose
synthesis. Escherichia coli, for example, contains enzymes
competent to perform all five steps, whereas Bacillus
licheniformis is missing enzymes capable of performing
steps 4 and 5 (i.e., GMD and GFS). Any enzymes in the
GDP-synthesis pathway that are inherently missing in any
particular bacterial species are provided as genes on recom-
binant DNA constructs, supplied either on a plasmid expres-
sion vector or as exogenous genes integrated into the host
chromosome.

[0008] The invention described herein details the manipu-
lation of genes and pathways within bacteria such as the
enterobacterium Escherichia coli K12 (E. coli) or probiotic
bacteria leading to high level synthesis of HMOS. A variety
of bacterial species may be used in the oligosaccharide
biosynthesis methods, for example Erwinia herbicola (Pan-
toea agglomerans), Citrobacter freundii, Pantoea citrea,
Pectobacterium carotovorum, or Xanthomonas campestris.
Bacteria of the genus Bacillus may also be used, including
Bacillus subtilis, Bacillus licheniformis, Bacillus coagulans,
Bacillus  thermophilus, Bacillus laterosporus, Bacillus
megaterium, Bacillus mycoides, Bacillus pumilus, Bacillus
lentus, Bacillus cereus, and Bacillus circulans. Similarly,
bacteria of the genera Lactobacillus and Lactococcus may
be modified using the methods of this invention, including
but not limited to Lactobacillus acidophilus, Lactobacillus
salivarius, Lactobacillus plantarum, Lactobacillus helveti-
cus, Lactobacillus delbrueckii, Lactobacillus rhammnosus,
Lactobacillus bulgaricus, Lactobacillus crispatus, Lactoba-
cillus gasseri, Lactobacillus casei, Lactobacillus reuteri,
Lactobacillus jensenii, and Lactococcus lactis. Streptococ-
cus thermophiles and Proprionibacterium freudenreichii are
also suitable bacterial species for the invention described
herein. Also included as part of this invention are strains,
modified as described here, from the genera Enterococcus
(e.g., Enterococcus faecium and Enterococcus thermo-
philes), Bifidobacterium (e.g., Bifidobacterium longum, Bifi-
dobacterium infantis, and Bifidobacterium bifidum), Sporo-
lactobacillus spp., Micromomospora spp., Micrococcus
spp., Rhodococcus spp., and Pseudomonas (e.g., Pseudomo-
nas fluorescens and Pseudomonas aeruginosa). Bacteria
comprising the characteristics described herein are cultured
in the presence of lactose, and a fucosylated oligosaccharide
is retrieved, either from the bacterium itself or from a culture
supernatant of the bacterium. The fucosylated oligosaccha-



